The ability to achieve tumor selective expression of therapeutic genes is an area that needs improvement for cancer gene therapy to be successful. One approach to address this is through the use of promoters that can be controlled by external means, such as hyperthermia. In this regard, we constructed a replication-deficient adenovirus that consists of a mutated herpes simplex virus 1 thymidine kinase (mTK) fused to enhanced green fluorescent protein (EGFP) under the control of the full-length human heat shock (HS) 70b promoter. The virus (AdHSmTK-EGFP) was evaluated both in vitro and in vivo in oral squamous cell carcinoma SCC-9 cells for expression of both mTK and EGFP. The in vitro expression of mTK-EGFP was validated using both 3 H-penciclovir and fluorescence-activated cell sorting assays. These studies show that specific expression could be achieved by heating the cells at 41 1C for 1 h, whereas little expression was observed using high doses of virus without hyperthermia. The vector was also evaluated in vivo by direct intratumoral injection into mice bearing SCC-9 xenografts. These studies demonstrated tumor expression of mTK-EGFP after ultrasound heating of the tumors by radioactive biodistribution assays, histology and microPET imaging. These in vivo results, which demonstrate HS-inducible transgene expression using PET imaging, provide a means for noninvasive monitoring of heat-induced gene therapy in local tumors, such as oral squamous cell carcinomas.
Introduction
More than 850 cancer gene therapy clinical trials have been initiated in the past 20 years using a variety of approaches, including attempts to correct genetic abnormalities, stimulation of antitumor immunity of the host and the introduction of 'suicide genes' that can convert a harmless prodrug into a potent cytotoxin for direct tumor cell killing. 1 Although these trials have demonstrated the potential efficacy of this strategy, they have not reached their initial expectations of curing cancer. Based on these results, there are many areas where cancer gene therapy can be improved. Some major areas of improvement include the choice of effector genes, the ability to selectively deliver and express these effector genes in tumor cells, and the ability to determine the efficiency of gene transfer as a surrogate for therapeutic outcome. 2 Selective expression of the effector can be achieved by either targeting the gene therapy vector to the desired cells (transductional targeting) or transcriptionally limiting expression to the cells. Transductional targeting can either enhance vector delivery to the desired cells or reduce vector delivery to normal organs, whereas transcriptional targeting utilizes selective promoters to control and limit transgene expression to the desired cells. 3 Some of these promoters include tyrosinase, 4 cyclooxygenase-2, 5 human-telomerase 6 and carcinoembryonic antigen. 7 Another strategy for transcriptional targeting has been the use of promoters that can be externally regulated such as radiation-responsive promoters 8, 9 and heat-inducible promoters. 10 These promoters have the advantage in that they can be controlled by conformal delivery of radiation and heat, respectively. Our laboratory is interested in the utilization of heatinducible promoters and evaluating their efficiency for mediating in vivo gene transfer using positron-emission tomographic (PET) imaging.
It has been shown that hyperthermia can be used to induce gene expression after infection with viral vectors. Most of these studies have been conducted using vectors that contain the heat shock (HS) protein 70b promoter to drive the expression of genes such as the herpes simplex virus 1 thymidine kinase (HSV1-TK), interleukin-12 (IL-12), antisense Ku70, b-galactosidase and enhanced green fluorescent protein (EGFP). [11] [12] [13] [14] These studies have largely focused on the heat-specific expression of these transgenes in cancer cells in vitro with the exception of IL-12 and antisense Ku70, which have been investigated in animal models. One of the goals of this manuscript is to demonstrate that heat-specific transgene expression in vivo can be monitored by PET imaging.
In this study, we have constructed a replicationdeficient type 5 adenoviral vector (AdHSmTK-EGFP) encoding a mutant version of HSV1-TK that is driven by the full-length HS promoter. This mutant (mNLSsr39TK-EGFP) has been previously described 15 and consists of HSV1-sr39TK, which has five amino-acid differences from wild-type HSV1-TK, 16 a mutated nuclear localization sequence (mNLS) and is fused to EGFP. The AdHSmTK-EGFP was evaluated in human head and neck squamous cell carcinoma SCC-9 cells for mutated herpes simplex virus 1 thymidine kinase (mTK) activity using a tritiated penciclovir assay and for EGFP expression using fluorescence-activated cell sorting (FACS). The vector was then evaluated in mice bearing SCC-9 xenografts to determine if specific mTK-EGFP expression could be achieved after ultrasound heating of the tumor xenografts in biodistribution and microPET imaging assays using radiolabeled substrates. These studies demonstrate that PET imaging can be used to determine the extent of in vivo expression of an effector gene driven by the heat-inducible HS promoter for noninvasive monitoring of therapy.
Materials and methods

Cell line and adenovirus
The oral squamous carcinoma cell line SCC-9 was obtained from the American Type Tissue Culture Center (Manassas, VA) and was maintained in 45% Ham's F12, 45% Dulbecco's modified Eagle's medium (DMEM), 10% heat-inactivated fetal bovine serum (FBS), and 0.4 mg ml À1 hydrocortisone. Ham's F12 and DMEM were obtained from Invitrogen (Carlsbad, CA), and FBS and hydrocortisone were obtained from Sigma Chemical Company (St Louis, MO). For construction of the AdHSmTK-EGFP, the Gal4 promoter in pGal4-mNLSsr39TK-EGFP 15 was replaced with the full-length human HS protein 70b promoter from p2500-CAT (Stressgen Biotechnologies, Victoria, British Columbia, Canada) via the BglII and HindIII restriction enzyme sites, thus producing HSmTK-EGFP. The HSmTK-EGFP portion was subcloned into pShuttle (Stratagene, La Jolla, CA), which had a bovine growth hormone polyadenylation signal added to the multiple cloning site, via BglII and NotI to create pHSmTK-EGFP. Using this plasmid, recombinant adenoviral plasmid was produced using the AdEasy system (Stratagene). The resultant recombinant Ad plasmid (pAdHSmTK-EGFP) was used to produce purified adenovirus, which was performed by Qbiogene (Montreal, Quebec, Canada). The adenovirus, AdHSmTK-EGFP, was produced at a titer of 3.2 Â 10 11 pfu ml
À1
. AdCMVmTK-EGFP was produced as previously described 15 at a titer of 5.0 Â 10 9 pfu ml À1 .
In vitro
3
H-penciclovir assays The expression of the thymidine kinase portion of AdHSmTK-EGFP was evaluated in a series of in vitro 3 H-penciclovir uptake assays. SCC-9 cells were plated in 12-well plates (50 000 cells per well) and infected in triplicate 24 h later with AdHSmTK-EGFP at 50, 100 and 500 plaque forming units (pfu) per cell in serum-free Opti-MEM (Invitrogen). For each assay, a triplicate of uninfected wells served as a negative control. The infections were carried out for 2 h, after which the media was aspirated and replaced with complete media. In the first set of studies, one group of cells was heat shocked for 30, 60, 120 or 240 min at 41 1C by submerging the plates in a water bath, and another set was not heated, either 1, 2 or 3 days following the infection. Following hyperthermia, the plates were returned to the incubator for 1 day. The cells were then washed with phosphate-buffered saline (PBS), and 0.1 mCi of 3 H-penciclovir (Moravek Biochemicals, Brea, CA) in 0.5 ml of complete medium was added to the cells. The cells were incubated at 37 1C for 1 h, after which the media was aspirated, the cells washed with PBS, and 1 ml of complete media was added to the cells. The cells were incubated for an additional 1 h at 37 1C to enable washout of nonphosphorylated nucleoside, washed with cold PBS, and 500 ml of 10 mM sodium borate/1% SDS was added to the cells to facilitate cell lysis. Of the lysate, 250 ml was added to scintillation tubes along with 4.5 ml of scintillant, and the radioactivity was counted on a TriCarb2900 Liquid Scintillation Counter (Perkin Elmer, Shelton, CT) to determine the decays per minute (DPM) for each sample. In the second set of studies, the cells were heated for 60 min at 41 1C as described above or not heated 1 day following infection. Following hyperthermia, the plates were returned to the incubator for 1, 2 or 3 days and then assayed for 3 Hpenciclovir uptake as described. All data were normalized to the milligram of protein per sample using the Pierce BCA Protein Assay Kit (Pierce Biotechnology Inc., Rockford, IL).
Flow cytometry
For EGFP analysis of AdHSmTK-EGFP infected SCC-9 cells, 5 Â 10 5 cells were infected at 50, 100 and 500 pfu per cell. An uninfected control was also performed in each assay. Infection was allowed to proceed for 1, 2 or 3 days as described above and then the cells were heated at 41 1C for 1 h and collected 1 day later in 1 ml of DMEM plus 5% heat-inactivated FBS. As above, another set of studies was performed where the cells were harvested 1, 2 and 3 days after heating with a 1-day infection. The number of cells expressing EGFP as well as the intensity of the fluorescence was measured on a FACScan flow cytometer (Becton Dickinson, San Jose, CA) in which 50 000 events were counted per sample. The data were analyzed using CellQuest software in which the EGFP mean fluorescent intensity (MFI) was plotted against number of events.
Biodistribution studies
All animal studies were performed under the guidelines for the Care and Use of Research Animals through the Washington University Animal Studies Committee. Female 3-to 4-week old SCID mice (Taconic, Hudson, NY, USA) were implanted subcutaneously on the rear flank with 1 Â 10 7 SCC-9 cells, which had been mixed 1:1 with Matrigel Basement Membrane Matrix (Becton Dickinson). After 18-21 days, the tumors (B400 mg) were directly injected with either 1 Â 10 8 or 1 Â 10 9 pfu of AdHSmTK-EGFP in a volume of 30 ml. One day after injection, the tumor was heated for 1 h at 41 1C using a small animal hyperthermic ultrasound (SAHUS) device. 17, 18 Briefly, the mice were anesthetized and placed on a plastic tray that had been fitted with an ultrasound transducer. A temperature-monitoring probe was placed in the tumor, and the transducer and tumor were covered in ultrasound gel. Hyperthermia delivery to the tumor was performed under computer control using software developed in-house, in which the applied acoustical power to the ultrasound transducer was regulated through a proportional-derivative-integral temperature feedback algorithm based on the intratumoral measured temperatures. The temperature was maintained at 41.0±0.3 1C throughout the heating. Following hyperthermia, the animals were allowed to recover for one day. The mice (n ¼ 4-7 per group) were then injected intravenously (i.v.) with 2 mCi of 3 H-penciclovir. The animals were killed 4 h after injection, and blood, muscle, liver, kidney, tail and tumors were extracted and weighed. To aid in tissue dissolution for b-counting, 1 ml of hyamine hydroxide (MP Biomedicals, Irvine, CA) was added to the tissue, and the vials were incubated at 65 1C for 18 h. To this, 200 ml of 30% hydrogen peroxide and 50 ml of glacial acetic acid were added, mixed, and the vials were placed back at 65 1C for 30 min. The vials were then cooled to room temperature, scintillant added, incubated in the dark for 30 min, and the samples counted on the scintillation counter. The percent injected dose per gram was calculated based on normalization to a standard dose.
Histology
To determine the EGFP expression ex vivo, tumors were implanted, injected with 1 Â 10 8 of AdCMVmTK-EGFP or 1 Â 10 9 pfu of AdHSmTK-EGFP and heated as above. Two days after Ad injection (one day after heating AdHSmTK-EGFP tumors), the tumors and livers were extracted and frozen in optimal cutting temperature medium (Electron Microscopy Sciences, Hatfield, PA). After freezing, the tissues were cryosectioned into 10 mm slices, fixed with 4% paraformaldehyde and mounted with Prolong Gold antifade mounting medium with 46-diamidino-2-phenyl indole (Invitrogen). Tissue sections were visualized at Â 20 magnification using an Olympus Fluoview FV1000 (Center Valley, PA) in which EGFP was visualized using the 488 nm excitation laser.
Imaging studies SCC-9 cells were implanted, injected with AdHSmTK-EGFP and heated as before, except that for imaging, the tumors were placed on the axillary thorax. 9-(4-[
18 F]-fluoro-3-hydroxymethylbutyl)guanine ( 18 F-FHBG) was synthesized from (p-anisyldiphenylmethyl)-9-[(4-tosyl)-3-p-anisyldiphenylmethoxy-methylbutyl]guanine, 2,2,2-krytofix F [18] in dimethyl sulfoxide, purified on C-18 Cartridge (Waters Corporation, Milford, MA), deprotected, and finally purified using a C-18 column on highpressure liquid chromatography (Waters Corporation) equipped with a radiodetector (Bioscan Inc., Washington, DC) as described previously. 15, 19 The mice (n ¼ 3) were injected i.v. with B100 mCi of 18 F-FHBG, anesthetized with 1-2% isoflurane, positioned supine and imaged on a microPET FOCUS 220 (Concorde Microsystems, Knoxville, TN) at 1, 2 and 4 h after injection with a 10 min acquisition time and static OSEM reconstruction. Regions of interest for the tumors were drawn to determine an average activity concentration (nCi cc À1 ) in the tumors, with the activity being decayed corrected to the time of injection. This value was then multiplied by the mouse weight in grams and then divided by the nCi of the injected dose to give the standard uptake value (SUV) for the tumors.
Statistical analysis A Student's two-tailed t-test was employed to analyze the statistical significance for all of the experimental data presented as the mean of independently performed experiments ± s.e.m., with Pp0.05 being considered significant.
Results
In vitro
3 H-penciclovir assays Expression and functional activity of mTK was evaluated at various times after infection or after hyperthermia using various doses of AdHSmTK-EGFP and various heating times at 41 1C. In Figure 1 , cells were heated after a 1, 2 or 3-day infection, and then the 3 H-penciclovir assay was performed 1 day after heating. Figure 1a shows that increasing amounts of AdHSmTK-EGFP led to significantly greater (Po0.04) amounts of cell-associated radioactivity with all infection times and that cells infected at 50 pfu per cell had significantly greater (Po0.01) cell-associated radioactivity than noninfected cells. In addition, the highest cell-associated radioactivity was observed after a 1-day infection, with levels significantly (Po0.02) decreasing with 2-and 3-day infections. The cell-associated radioactivity in cells infected at 500 pfu per cell and heated at 41 1C for various times is shown in Figure 1b . This shows that there are not significant differences in cell-associated radioactivity when heating for 30, 60, 120 or 240 min, except for a significant decrease when heating for 30 min after a 1 day infection (Po0.04). Cells that were infected at 500 pfu per cell, but not heated, had significantly less (Po0.0001) cellassociated radioactivity than cells that were infected and heated. In addition, cells that were infected at 500 pfu per cell, but not heated (1021 ± 140 DPM mg À1 ), had significantly more uptake than uninfected cells that were not heated (661±90 DPM mg À1 ) (P ¼ 0.05), whereas cells infected at 50 and 100 pfu per cell, but not heated were not significantly greater (data not shown). These data show that a 1-day infection followed by 1 h heating at 41 1C led to the highest expression of mTK-EGFP and that there was a small amount of nonspecific expression of mTK-EGFP after infection without hyperthermia.
Based on these results, we determined the expression of mTK 1, 2 and 3 days after 1 h of heating at 41 1C in cells that had been infected with AdHSmTK-EGFP for 1 day. This again shows a dose response with increasing amounts of AdHSmTK-EGFP (Figure 2 ). The greatest amount of cell-associated radioactivity was observed 1 day after heating for all doses of virus, although these values were not significantly greater than 2 days after heating. Overall, these studies show that a 1-day infection followed by 1-h heating at 41 1C led to the highest expression of mTK-EGFP 1 day after hyperthermia. For comparison, the cell-associated radioactivity when the cells were infected with AdHSmTK-EGFP at 100 pfu per cell was 37% of the cell-associated radioactivity when the cells were infected with AdCMVmTK-EGFP at 100 pfu per cell (data not shown). Heating of AdCMVmTK-EGFP-infected cells 1 day after infection at 41 1C for 1 h did not change the cell-associated radioactivity compared to nonheated cells. Infection with AdCMVmTK-EGFP at 500 pfu per cell resulted in significant toxicity that was not observed with AdHSmTK-EGFP.
Flow cytometry
We independently confirmed the expression of mTK-EGFP using flow cytometry to detect EGFP. These studies confirmed the increasing expression of mTK-EGFP with increasing doses of AdHSmTK-EGFP (Figure 3a ) as observed in the 3 H-penciclovir assays. Also, the highest expression was observed 1 day after hyperthermia following an infection for 1 day (Figure 3b ). There was a statistically significant (Po0.0005) increase in the MFI for cells infected at 500 pfu per cell without heating (MFI ¼ 35.5) compared to uninfected cells (MFI ¼ 3.1; data not shown). This shows that there is an 11-fold increase in expression of mTK-EGFP at this pfu per cell without heating compared to background, but that this is still 6-fold less than infection at 50 pfu per cell with hyperthermia.
Biodistribution studies Tumor uptake of H-penciclovir was significantly lower (Po0.04) for the 1 Â 10 9 no heat group compared to the other negative control groups (Opti-MEM or heat only). Because of this, the liver uptakes of 3 H-penciclovir were significantly greater (Po0.05) between the heated AdHSmTK-EGFP groups and the 1 Â 10 9 no heat group, but were not significantly greater than the other negative control groups (Opti-MEM or heat only). The liver uptake of 3 H-penciclovir was significantly greater (Po0.01) in mice injected with AdCMVmTK-EGFP than in the liver of all other groups. Blood, muscle and kidney did not show significant differences in 3 Hpenciclovir uptake between any of the negative groups and the AdHSmTK-EGFP groups that were heated. These studies show that specific in vivo expression of mTK can be observed in tumors injected with AdHSmTK-EGFP and heated at 41 1C for 1 h. In addition, it is observed that even upon intratumoral injection of the adenovirus, some virus gets into the systemic circulation to infect the liver, resulting in high 3 H-penciclovir uptake in tumors injected with AdCMVmTK-EGFP. This high liver expression is not observed upon injection of AdHSmTK-EGFP, where expression should be limited to the area of heating. liver. Upon heating, mTK-EGFP expression is observed in the tumors (c) whereas there is still no apparent expression of mTK-EGFP in the liver (d). This is in contrast to injection of a lower dose of AdCMVmTK-EGFP, which shows good expression of mTK-EGFP in both the tumor (a) and liver (b). These studies along with the biodistribution studies imply that hepatic toxicity should be reduced when conducting therapy experiments in this model.
Imaging studies
Small animal PET images of 18 F-FHBG at 4 h after injection are shown in Figure 5 . This figure shows a representative coronal (a) and transaxial (b) PET image of mice bearing two SCC-9 xenografts in the axillary thorax. Each tumor was injected with 1 Â 10 9 pfu of AdHSmTK-EGFP, but only the tumors on the left were heated at 41 1C for 1 h. These images show good uptake and retention of 18 F-FHBG in tumors that were heated whereas the tumors that were not heated demonstrated less uptake. As in previous studies with 18 F-FHBG, the gall bladder and radioactive clearance through the bladder is observed in the coronal images (a) whereas the liver is not observed. 15 The chemical differences between penciclovir and FHBG might impact the nonspecific background trapping by endogenous human TK and washout rates of the nonphosphorylated compounds, thus accounting for the difference in liver uptake between the biodistribution and imaging studies. The SUVs that were obtained from the microPET images of the left and right tumors at 1, 2 and 4 h after 18 F-FHBG injection are shown in Figure 5c . This shows that there was significantly greater (Po0.02) uptake and retention of 18 F-FHBG in tumors that were heated compared to tumors that were not heated at 4 h after injection, whereas the difference between heated and nonheated did not reach significance at 1 or 2 h. These studies demonstrate that heat-induced expression of mTK can be monitored noninvasively through PET imaging with 18 F-FHBG.
Discussion
HSV1-TK is an enzyme that has been widely studied for use in suicide gene therapy as well as a reporter gene for noninvasive imaging of gene transfer. 1, 20 One of the drawbacks in using HSV1-TK for suicide gene therapy with constitutively active promoters is the expression of the enzyme in nontarget tissues. This can be observed in Table 1 , where mTK-EGFP is expressed in the liver of mice as evidenced by high 3 H-penciclovir uptake even after a local, intratumoral injection of an adenoviral vector that uses the CMV promoter. Therefore, use of a promoter that can restrict the expression of the suicide gene to the tissue of choice should reduce the toxicity associated with normal tissue expression of the enzyme when conducting therapy studies. In these studies, we have used the HS 70b promoter to drive specific expression of mTK-EGFP. The goal of these studies was to evaluate the time course and specificity of mTK-EGFP expression in vitro and apply these parameters in vivo to demonstrate that PET imaging can be used to monitor in vivo expression and therefore guide future therapy studies.
Hyperthermia is probably the most potent radiosensitizer known to date 21 and has demonstrated a significant increase in complete remissions and disease free survival when combined with radiotherapy for the treatment of head and neck squamous cell carcinomas (HNSCC) in phase III clinical trials. 22, 23 Tumor temperatures greater than 42 1C are difficult to achieve in the clinic, whereas temperatures between 40.5 and 41.5 1C can be achieved for 90% of the tumor. 24, 25 For these reasons, we chose to evaluate AdHSmTK-EGFP in the context of HNSCC with the SCC-9 cells heated at a clinically relevant temperature of 41 1C. In addition, future therapy studies with this suicide gene approach may be enhanced by combining with radiotherapy and hyperthermia.
Most studies that have used hyperthermia to regulate gene expression via the HS promoter have been conducted in vitro. 10 Blackburn et al. demonstrated the heat-specific expression of a cytosine deaminase (CD)/TK fusion protein in vitro using a replication-deficient adenovirus and the HS promoter. 26 Similarly, Brade et al. 12 showed HS-mediated expression of the same fusion protein and bgalactosidase in breast cancer cells after heating to 43 1C. Borrelli et al.
11 investigated the time course of EGFP expression after infection of human prostate cancer cells with an adenovirus and heating at 41 1C. Lee et al. 27, 28 showed that the use of a selectively replicating adenovirus resulted in higher expression of the CD/TK fusion protein after heating at 41 1C compared to a nonreplicating adenovirus. These studies show that heat-specific expression of a target protein can be achieved in vitro using the HS promoter in the context of adenoviral vectors. The temporal expression of mTK-EGFP in SCC-9 cells was evaluated using a 3 H-penciclovir assay to determine functional mTK activity (Figures 1 and 2) as well as by flow cytometry for EGFP fluorescence (Figure 3) . Both of these methods showed that the highest expression was achieved 1 day after heating cells for 1 h at 41 1C that had been infected with AdHSmTK-EGFP 1 day earlier. This is in agreement with Borrelli et al.
11 that showed the best expression of EGFP was 1 day after heating at 41 1C with a 12-24 h infection. However, they showed that a 2 and 4 h HS was superior to a 1 h HS, whereas we did not observe a significant difference between any of these heating times. Borrelli et al. also reported some level of uninduced EGFP expression when infecting at 120 pfu per cell or greater. Similarly, we observed expression of mTK-EGFP using either assay at 500 pfu per cell without heating. Overall, these studies determined the timing for infection and heating to achieve good mTK-EGFP expression that could then be used for in vivo evaluation. Importantly, expression was not observed without heating unless high doses of AdHSmTK-EGFP were used.
The expression of mTK-EGFP was also evaluated in vivo in mice bearing subcutaneous SCC-9 xenografts that were directly injected with AdHSmTK-EGFP (Table 1; Figure 4 ). The biodistribution study (Table 1) 14 demonstrated significant tumor growth delay in mice bearing FSa-II tumors that were directly injected with an antisense Ku70 adenovirus, heated at 42.5 1C for 30 min and irradiated.
14 The Dewhirst group has extensive experience evaluating IL-12 in mice and cats. 13, [29] [30] [31] [32] These studies show that heat induced IL-12 can inhibit tumor growth in mice either alone or in combination with radiation and also have an antiangiogenic effect. In addition, a phase I study in cats demonstrated local production of IL-12 after intratumoral injection of vector that limited systemic toxicity. 32 Our ex vivo imaging shows tumor expression of EGFP that is focal in nature after intratumoral injection of AdCMVmTK-EGFP or AdHSmTK-EGFP that was heated (Figure 4 ). This focal expression is limited to B10-15% of the tumor volume and is consistent with previous studies that show limited expression of transgenes after direct intratumoral injection of adenoviral vectors. 12, 33 Mouse studies by the Dewhirst group were similar to ours in that a significant amount of vector leaked from the target site resulting in high liver expression when a constitutive promoter was used whereas no apparent liver expression was observed when the HS promoter was used. 30 Our studies show that liver expression of mTK-EGFP is limited to sites around blood vessels after intratumoral injection of 1 Â 10 8 pfu of AdCMVmTK-EGFP compared to a more homogenous expression of GFP in the liver after intratumoral injection of 3 Â 10 8 pfu of AdCMVGFP in their mouse model. Although there is no apparent liver expression of mTK-EGFP after intratumoral injection of AdHSmTK-EGFP and heating as assayed by fluorescence, there is a trend for higher 3 H-penciclovir uptake in the liver of these groups compared to the negative control groups implying that there may be low levels of expression. Systemic heating was not previously observed when using this SAHUS device in a different mouse model as systemic temperature readings varied by a maximum of 0.6 1C and the temperature just outside of the ultrasound field showed less than 1.0 1C variation from baseline. 17 Therefore, we do not anticipate expression of mTK-EGFP in the liver resulting from a systemic heating effect, but this may need to be investigated in more depth.
Although others have demonstrated the utility of sitespecific expression of an effector gene in vivo following HS, this is the first study to monitor in vivo expression noninvasively. Figure 5 shows that microPET imaging can be used to detect mTK-EGFP expression in tumors injected with vector and heated at 41 1C for 1 h. Significant differences were not observed between heated and nonheated tumors at 1 (similar to the 3 H-penciclovir biodistribution study) and 2 h after injection of the 18 F-FHBG substrate, but were observed 4 h after injection. This implies that at least 4 h is needed for the nonphosphorylated substrate to be cleared from the nonheated tumors and provide a differential with the heated, mTKexpressing tumors. In general, this differs from other studies where imaging is performed 1-2 h after injection of 18 F-FHBG. 34 One possible explanation is that different cells have different nucleoside transport mechanisms that may change the time course for optimal cell uptake and subsequent release of the radioactive substrate. In a recent review, Li et al. 35 discuss the potential of microPET imaging for noninvasively monitoring the current state of combined hyperthermia and gene therapy studies. This review shows how microPET imaging can be used to monitor the improvement in viral vector distribution after a mild HS 6 h after administration of virus. This indicates that the focal expression observed in our in vivo results may be improved by applying heat to tumors 6-12 h after viral administration instead of 24 h.
In conclusion, we evaluated AdHSmTK-EGFP in vitro and in vivo to demonstrate the specificity of protein expression after heating at 41 1C. The in vitro studies show the specificity and time course of expression, although limited expression was observed at high viral doses without heating. The in vivo studies demonstrate heatspecific tumor uptake of radiolabeled TK substrates and the ability to noninvasively image this uptake with PET. Overall, these studies provide the proof-of-principle for using PET imaging to monitor heat-specific induction of TK gene therapy.
with confocal microscopy, and Scott Harpstrite for his assistance in the production of 18 F-FHBG. We are also grateful to Nicole Fettig, Dawn Werner, Margaret Morris, Jerrel Rutlin and Lori Strong for performing the biodistribution studies, the microPET imaging, and the microPET data analysis. This work was supported by NCI Grants R21 CA106587 (BER), P50 CA94056 (DPW), and R01 CA63121 (EGM).
